The zebrafish is an important model for the study of vertebrate cardiac development with a rich array of genetic mutations and biological reagents for functional interrogation. The similarity of the zebrafish (Danio rerio) cardiac action potential with that of humans further enhances the relevance of this model. In spite of this, little is known about excitation-contraction coupling in the zebrafish heart. To address this issue, adult zebrafish cardiomyocytes were isolated by enzymatic perfusion of the cannulated ventricle and were subjected to amphotericin-perforated patch-clamp technique, confocal calcium imaging, and/or measurements of cell shortening. Simultaneous recordings of the voltage dependence of the L-type calcium current (ICa,L) amplitude and cell shortening showed a typical bell-shaped current-voltage (I-V) relationship for ICa,L with a maximum at ϩ10 mV, whereas calcium transients and cell shortening showed a monophasic increase with membrane depolarization that reached a plateau at membrane potentials above ϩ20 mV. Values of ICa,L were 53, 100, and 17% of maximum at Ϫ20, ϩ10, and ϩ40 mV, while the corresponding calcium transient amplitudes were 64, 92, and 98% and cell shortening values were 62, 95, and 96% of maximum, respectively, suggesting that ICa,L is the major contributor to the activation of contraction at voltages below ϩ10 mV, whereas the contribution of reverse-mode Na/Ca exchange becomes increasingly more important at membrane potentials above ϩ10 mV. Comparison of the recovery of ICa,L from acute and steady-state inactivation showed that reduction of ICa,L upon elevation of the stimulation frequency is primarily due to calciumdependent ICa,L inactivation. In conclusion, we demonstrate that a large yield of healthy atrial and ventricular myocytes can be obtained by enzymatic perfusion of the cannulated zebrafish heart. Moreover, zebrafish ventricular myocytes differed from that of large mammals by having larger ICa,L density and a monophasically increasing contraction-voltage relationship, suggesting that caution should be taken upon extrapolation of the functional impact of mutations on calcium handling and contraction in zebrafish cardiomyocytes.
IN THE HUMAN HEART, AN INCREASING number of diseases previously thought to be unrelated to genetic defects have been linked to new mutations in pathways regulating gene expression (6, 37) . For example, atrial fibrillation, the most common cardiac arrhythmia has recently been associated with a mutation on chromosome 4 (14) found in up to 30% of the patients with atrial fibrillation. Therefore, vertebrate models suitable for genetic screening and functional studies of genetic mutations are becoming increasingly important (34) . In this regard, the zebrafish (Danio rerio) has been emerging as a vertebrate model for genetic studies (9) , and zebrafish embryonic hearts have already been used extensively to study functional consequences of genetic mutations (11, 12, 32) during development. It has been predicted that zebrafish will play an increasingly important role in cardiovascular research in the coming years (2, 7, 8, 30, 35) . Although information is available for key mechanisms controlling intracellular calcium handling in the teleost heart (16, 18, 19, 22, 49, 50) , little information is available for the zebrafish heart (5, 38) and extrapolation from the best characterized teleost species is not necessarily straightforward. In fact, there appear to be considerable variation in calcium handling among teleost species where information is available (22, 42, 43, 50) . Recently, a protocol has been described for isolation of zebrafish ventricular myocytes that have been used for electrophysiological recordings of basic parameters, such as the resting membrane potential and the action potential duration as well as sodium and calcium current amplitudes. Based on similarities in zebrafish and human ventricular action potential morphology, it was proposed that the zebrafish is ideally suited for ion channel mutation screening (5) . However, more detailed information on the electrophysiological profile of both embryonic and adult zebrafish cardiomyocytes will be necessary to evaluate how the zebrafish is best used to study the functional consequences of ion channel mutations and for myocardial mutation screening. In this regard, it is essential to know the key players in the excitation-contraction coupling of the zebrafish heart. To address this issue we investigated the properties of the L-type calcium current (I Ca,L ) and its contribution to the activation of contraction in the zebrafish ventricular myocytes. We have also used patch-clamp technique combined with confocal calcium imaging or measurements of cell shortening to further elucidate the issue. Moreover, we have developed a new isolation procedure based on cannulation and perfusion of the isolated zebrafish heart. This approach yields a large number of healthy myocytes from both the atrial and ventricular chamber. Our findings show that although zebrafish ventricular myocytes show some similarities to myocytes from large mammals and humans there are also important differences in the intracellular calcium handling of the zebrafish ventricle. A novel method for determination of shortening of curvilinear myocytes has also been developed in this study.
MATERIALS AND METHODS
Isolation of ventricular myocytes. The procedures for isolating zebrafish myocytes are similar to that of trout myocytes (22) , but they were further modified to improve the efficiency of the isolation for the smaller size of the fish. Zebrafish (D. rerio) were purchased from a local supplier and usually were kept in the laboratory for no more than 3 wk at room temperature. After stunning and decapitation, the heart was rapidly excised from the zebrafish and ventricular myocytes were obtained by enzymatic digestion of the heart using a modified version of the method for isolation of trout myocytes described by HoveMadsen et al. (18) . Briefly, an ultrafine cannula (34-gauge; Nodegraf, Tokyo, Japan) was inserted into the ventricle (Fig. 1 ) and tied to it with a single fiber of surgical silk. The heart was rinsed by injection of a few tens of microliters of a nominally Ca 2ϩ -free Tyrode's solution containing (in mM): 117 NaCl, 5.7 KCl, 1.7 MgCl2, 4.4 NaHCO3, 1.5 NaH2PO4, 10 HEPES, 5 glucose, 5 creatine, and 5 pyruvate; pH was adjusted to 7.3 with NaOH. The heart was then perfused at 0.5 ml/min for 30 min at room temperature with a nominally Ca 2ϩ -free Tyrode's solution containing 50 M EGTA and 37.5 M Ca 2ϩ , 0.16 mg/ml collagenase (Yakult Pharmaceutical Industries, Tokyo, Japan), 0.08 mg/ml trypsin (Sigma), and 0.5 mg/ml BSA. At the end of the digestion, the atrial appendage was cut off the ventricle and transferred to a nominally Ca 2ϩ -free Tyrode's solution containing vitamins, amino acids, penicillin, and 1 mg/ml BSA. The tissue was gently agitated and titrated to help cell separation. After that, the cell suspension solution was kept for 30 -60 min at room temperature, and Ca 2ϩ was gradually increased to 1 or 2 mM. The obtained cells were then stored at 4°C until use, which generally was Ͻ 24 h after the isolation, although myocytes could be stored for up to 48 h without noticeable rundown in function.
Animals were cared for in accordance with the principles established by the Canadian Council on Animal Care (CCAC). The Simon Fraser University Animal Care Committee approved the use of animals and the experimental protocols used in this study in accordance with the CCAC regulations. The cell isolation procedure and the experimental protocols followed the guidelines required by CCAC.
Whole cell-perforated patch-clamp technique. The amphotericinperforated patch-clamp technique in the voltage-clamp mode was used as described previously (27) . The internal pipette solution contained (in mM): 110 CsCl, 5 MgATP, 1 MgCl 2, 20 tetraethyl ammonium (TEA), 5 Na2 phosphocreatine, and 10 HEPES, and pH was adjusted to 7.1 with CsOH. The standard external solution contained (in mM): 130 NaCl, 5 CsCl, 1 MgCl 2, 2.0 CaCl2, 5 Na-pyruvate, 10 glucose, and 10 HEPES, and pH was adjusted to 7.4 with NaOH. The replacement of K ϩ with Cs ϩ and the addition of TEA were used to eliminate K ϩ currents. External bath solution for perfusion contained an additional 1 M tetrodotoxin (TTX) to block voltage-gated Na ϩ currents. Amphotericin B was dissolved in DMSO (50 mg/ml) and diluted to ϳ240 g/ml with the internal pipette solution just prior to use. The pipette resistance was 2-5 M⍀, seal resistance was 2-20 G⍀, and the access resistance was Ͻ 20 M⍀. Cells showing a sudden drop in access resistance were discarded. Recordings were made at room temperature (21-23°C). In some experiments using the perforated patch, the cells were loaded with 5 M fluo-4 AM as we have described previously (23) .
Measurement of current-voltage relationship. The current-voltage (I-V) dependence of I Ca,L was determined by depolarizing the cell to 12 different potentials (from Ϫ60 to ϩ50 mV in increments of 10 mV) for 200 ms from a holding potential of Ϫ70 mV. CsCl was used to replace KCl in the external and internal cellular solution, and the internal pipette also included TEA to fully block the K ϩ current. In addition, the external solution contained 1 M TTX to inactivate voltage-gated Na ϩ channels. Alternatively, the voltage dependence of I Ca,L (I-V relationship) was determined by depolarizing the cell to 18 different potentials (from Ϫ40 to ϩ45 mV in increments of 5 mV) for 200 ms with a predepolarization step to Ϫ45 mV for 50 ms from a holding potential of Ϫ80 mV to inactivate Na ϩ and T-type Ca 2ϩ channels. Peak ICa,L was determined as the difference between its peak inward current and baseline current at the end of depolarization. ICa,L was normalized to cell area by dividing the amplitude of ICa,L by the cell capacitance.
Voltage dependence of ICa,L inactivation. A standard double-pulse protocol was used to measure ICa,L inactivation. In a typical experiment, a cell was held at conditioning potentials ranging from Ϫ60 to 10 mV for 300 ms before stepping to the test potential of ϩ10 mV for 300 ms to evoke the peak ICa,L current. The voltage-dependent inactivation ICa,L was fitted with a Boltzmann equation to determine the slope factor (K) and the voltage at which there is half-maximal inactivation (V1/2).
ICa,L recovery from inactivation. Recovery from inactivation of ICa,L (elicited by depolarization from Ϫ70 to ϩ10 mV for 300 ms) was assessed by normalizing the current amplitude at a constant test pulse to the constant prepulse value after different interpulse durations (50 -600 ms). The data of recovery from inactivation of ICa,L were fitted with a sigmoidal equation to determine the slope factor (K) and the time at which there is half-maximal recovery of ICa,L from inactivation (T1/2).
Dependence of ICa,L on stimulation frequency. The dependence of ICa,L on the stimulation frequency was determined by repetitive depolarizations from Ϫ70 to 0 mV at intervals of 2,000, 1,000, 750, 500, and 333 ms with an external solution containing 1 M TTX to inhibit voltagegated Na ϩ channels, and TEA and Cs ϩ to block K ϩ currents. Confocal calcium imaging. Isolated myocytes were loaded with 50 M fluo-4 by infusion of the fluorophore through the patch pipette. Changes in the cytosolic calcium were visualized with a resonance scanning confocal microscope (Leica SP5 AOBS). Fluo-4 was excited at 488 nm with the laser power set to 20% of maximum and subsequently attenuated to 4%. Fluorescence emission was collected between 495 and 650 nm and images of 140 ϫ 512 pixels were acquired at a frame rate of 100 Hz. Unless otherwise stated, fluorescence emission was quantified in the whole myocyte and expressed in arbitrary units. Synchronization of electrophysiological signals recorded with a HEKA EPC10 amplifier was achieved using a Leica DAQ box and HEKA patch-master software.
Measurement of length changes of myocytes. Length changes of zebrafish myocytes were recorded using a Nikon Eclipse TE200 fitted with a CMOS digital camera (model CV640; Prosilica, Stadtroda, Germany). Patch-clamp signals and video images were recorded simultaneously with Clampex 8.2 and EdgeDetection using the synchronically triggered technique. The changes in current and length induced by different depolarization potentials were measured simultaneously to eval- Fig. 1 . Cannulation of zebrafish ventricle. A 34-gauge ultrathin cannula was inserted into the ventricle and tied to the cannula with a single fiber of a surgical thread. The heart was first rinsed by injection of a few tens of microliters of a nominally Ca 2ϩ -free Tyrode's solution (scale bar ϳ500 m). The heart was then perfused at 0.5 ml/min for 30 min at room temperature with a nominally Ca 2ϩ -free Tyrode's solution containing collagenase (Yakult), trypsin, and BSA.
uate the contribution of different types of ion channels to cell mechanical properties. Cell shortening (peak shortening) caused by different potentials was assessed. For this purpose, we developed a custom software running under LabView for the control of the system and signal acquisition, as well as data analysis. Specific software (EdgeDetection) was developed to recognize the edge of irregular shapes of cells such as curvilinear-shaped zebrafish cardiomyocytes. The recognition technology allows computer-aided tracking of length changes in these cells, eliminating tedious manual measurements. A brief description of automatic measurement of changes in cell length is shown in Fig. 2 , A-E. The procedures for the measurement include 1) loading the image file; 2) rotation of the cell to align it vertically; 3) moving, enlarging, or reducing the green clamp box to the area of interest; 4) setting the parameters for clamp tools (contrast, filter width, steepness, and subsampling ratio), BGG values (brightness, contrast, and gamma), edge-finding settings (contrast, filter width, and steepness), and other options (filter, force edges-to-clamp limits, multiple section, application of BCG, and ordering or numbering of segments); 5) running a batch procedure to measure the length of the cell automatically; 6) measuring the length of cell manually by marking a series of plus signs (ϩ) on the central line of the cell and linking the segments between plus sign marks (Fig.  2D); 7) comparison of the results obtained by computer-aided and manual measurement. Only results with Ͻ 1% deviation between computer-aided and manual measurement were accepted.
The image acquisition rate was set to 30 fps. For the computeraided measurement, the cell length was determined by the patternrecognition technique custom created using LabView, which allowed for the evaluation of the shape and length of the cell. The changes in cell length during contraction could be completed from an analysis of ϳ2,000 images within a few minutes. To prove the reliability of the pattern-recognition method, we also measured the length of the cell manually. For the manual measurement, we put a series of green plus signs along the extended direction from one end to the other of the cell and then linked adjacent segments with a plus sign to form the length of loading of the image file (A); rotating the image to align the myocyte vertically (B); moving the green clamping box and adjusting the box size to ensure that the cell is located within the green box and that both ends of the cell are clamped between the two red lines (C); and adjustment of parameters for shape-fitting used to generate the length vs. time plot (D). Manual measurement of cell length was performed by placing a series of plus signs (ϩ) manually along the central line of the cell and linking the plus signs with segments of straight lines to form a manually generated curve. The yellow curve and blue curve were generated by the computer-aided method and manual measurement, respectively. E: plot of cell length changes (m) as a function of time in which the black curve represents the curvilinear length changes of the cell and the red curve corresponds to the end-to-end distance changes of the cell. Times of shortening and relaxation (maximum to 50% shortening) were measured from contractions induced by depolarizations to ϩ10 mV as marked (arrow) in E. the cells. It took more than 1 min to complete the measure of one image, and a set of 2,000 images could consume Ͼ 33 h to get the length-time plot such as Fig. 2E . Typically the differences in length obtained by the computer-aided method and manual measurement were Ͻ 1% as shown in Fig. 2E , where the lengths obtained by the computer-aided method and manual measurement were 100.96 m (yellow line) and 101.03 m, respectively. Most mammalian cardiomyocytes are rod shaped and the cell length can be obtained simply by measuring the end-to-end distance of the cell. If we assumed that the shape of zebrafish myocytes was linear and used the end-to-end straight distance as an approximate measurement (Fig. 2E, red lines) . The differences in length between the manual measurement and the end-to-end approximate measurement can be up to 5%. Thus this custom software was able to accurately track the length changes observed in the curvilinear cardiomyocytes isolated from zebrafish hearts but would work equally well with nonrod-shaped cardiomyocytes from the mammalian heart, such as those observed in the SA and AV nodal regions.
Measurement of time of shortening and time of 50% relaxation. Two parameters reflecting myocyte contractility properties were measured at a depolarization potential of ϩ10 mV as marked in Fig. 2E . The time of shortening was taken as the time from the start of shortening to the maximum shortening. Time of 50% relaxation (RC 50) was the duration from the time of the maximum shortening to the time of the cell relaxed to a half-maximum shortening. The image sample rate was set to ϳ 30 fps or 33 ms. The cell lengths were measured with our customized software as described above.
Materials. Collagenase was purchased from Yakult Pharmaceutical Industries, Tokyo, Japan. Bovine serum albumin, Fraction V, and fatty acid free were from Roche Diagnostics. Mannheim, Germany. All other reagents used were of the highest purity available and purchased from Sigma (St. Louis, MO), unless specified otherwise.
Estimation of the calcium flowing into the myocyte through calcium channels. The quantity of charge-per-unit electrical capacitance carried into a myocyte by an ionic current during the time integral from t 1 to t2 were calculated according to Eq. 1.
where C m is the total surface capacitance of the cell. The molar number of the ion-per-unit electrical capacitance flowing into the cell can be given in the form
where Z is the charge number of the individual ion, e 0 is the elementary charge (1.602 ϫ 10 Ϫ19 coulombs), and N0 is Avogadro's number (6.02 ϫ 10 23 ), so the raw concentration of ions flowing into the cell is Fig. 3 . Voltage dependence of L-type calcium current (ICa,L) in zebrafish cardiomyocytes. A: current-voltage (I-V) relationship for peak inward ICa,L density measured as the peak minus end of pulse current. During these recordings tetraethyl ammonium and Cs ϩ were used to block K ϩ currents and tetrodotoxin to block Na ϩ current. The ICa was recorded at a frequency of 0.25 Hz. B: stimulation protocol with a series of 300-ms conditioning potentials between Ϫ70 and ϩ10 mV was used to inactivate ICa,L, followed by a 300-ms test pulse to measure ICa after the conditioning pulse. C: typical family of ICa,L current traces obtained by stepping to ϩ10 mV for 300 ms after application of different conditioning pulses. The membrane potential of the conditioning pulse is given on the right side of the current traces. Each trace is displaced from the subsequent trace by ϳ100 pA for clarity. D: voltage-dependent inactivation of ICa,L inactivation in which the current is normalized by Imax, maximal ICa amplitude. The continuous line represents the Boltzmann fit to the data.
where f is the cell capacitance-to-cell volume conversion factor. The factor for rainbow trout has been reported to be 15.4 pF/pl (22) , and we assumed the same value for zebrafish. According to the literature, the nonmitochondrial Ca 2ϩ -accessible cell volume is 55% of the total cell volume (48), so the final corrected increase in the cytosolic calcium concentration caused by the calcium current can be estimated as follows.
RESULTS
Characteristics of the I Ca,L in zebrafish cardiomyocytes. Fig. 3A shows the I Ca,L I-V relationship in zebrafish cardiomyocytes with the characteristic bell-shaped I-V relationship. The I Ca,L amplitude was normalized by the cell capacitance and a maximal I Ca,L density was reached between 0 and 10 mV for the zebrafish ventricular myocytes. To assess the voltage dependence of I Ca,L inactivation, the double-pulse protocol shown in Fig. 3B was employed. Typical I Ca,L traces obtained with this protocol are shown in Fig. 3C . Fig. 3D shows I Ca inactivation when normalized to the maximal I Ca amplitude (I max ). Fitting the plot of I Ca,L as a function of conditional potential gave a half-maximal I Ca inactivation (V 1/2 ) at -27.6 Ϯ 0.5 mV (Nϭ6).
Recovery of I Ca,L from inactivation. The voltage protocols used to measure the recovery of I Ca,L from inactivation and representative current traces are shown in Fig. 4, A and B , respectively. The I Ca,L density recorded at different times after the preceding depolarization is shown in Fig. 4C . Fitting the recovery of I Ca,L from inactivation with a sigmoidal equation gave an average T 1/2 of 96.0 Ϯ 4.2 ms for six individual myocytes.
Frequency dependence of I Ca,L . The dependence of I Ca,L amplitude on the stimulation frequency was determined by repetitively depolarizing the cell at intervals of 2, 1, 0.75, 0.5, and 0.33 s. Fig. 5A shows the I Ca,L density as a function of the stimulation interval. Note that the I Ca,L density decreased monotonically when the stimulation interval was decreased from 2 s to 0.33 s, and recovered to ϳ 95% of its original value upon return of the stimulation interval to 2 s. The decrease in I Ca,L at a given shortening of the stimulation interval was larger than that expected from the recovery of I Ca,L from inactivation (see Fig. 4C ), and confocal calcium imaging of myocytes subjected to decreasing stimulation intervals shown in Fig. 5B demonstrates that the interval-dependent reduction in the I Ca,L amplitude is associated with a concurrent increase in the diastolic calcium level and thus is likely due to calciumdependent I Ca,L inactivation.
Contribution of I Ca,L to the activation of contraction in zebrafish cardiomyocytes. To address the contribution of I Ca,L to the activation of contraction, zebrafish cardiomyocytes were depolarized to different potentials. Figure 6A shows cell shortening in response to a series of step depolarizations of 200 ms in duration in 5 mV increments. The length changes were calculated automatically with our customized software (EdgeDetection). Notice that cell shortening increased monophasically as the membrane potential was depolarized, reaching a plateau near ϩ40 mV. Figure 6B shows consecutive images of the changes in the cell shape during contraction and relaxation. Figure 6C shows the average shortening time and the time to half-maximal relaxation of contraction (RC 50 ). At a depolarization potential of ϩ10 mV, the time of shortening and RC 50 were 249 Ϯ 18 ms and 156 Ϯ 17 ms, respectively. The data were taken from four myocytes from four different hearts.
Characteristics of the calcium transient in zebrafish cardiomyocytes. To characterize intracellular calcium transients in isolated zebrafish ventricular myocytes, confocal calcium imaging was used in combination with perforated patch-clamp technique. Fig. 7A shows consecutive confocal calcium images of an isolated myocyte recorded 0, 20, 40, 80, and 160 ms after depolarization of the membrane potential to 0 mV. The corresponding kinetics of the global calcium transient is shown in Fig. 7B . Notice that the time to half-maximal decay of the calcium transient was comparable to the time for half-maximal relaxation of contraction (see Fig. 6C ). Global calcium transients recorded at increasing membrane potentials are shown in Fig. 7C and D, and the voltage dependency of simultaneously recorded calcium transients and I Ca,L are shown in Fig. 7E . Note that the calcium transient increased in parallel with the I Ca,L density between Ϫ40 to ϩ10 mV. However, at membrane potentials above ϩ10 mV, the calcium transit still increased slightly, while I Ca,L density amplitude decreased steadily with increasing membrane depolarization. This result suggests that reverse mode Na/Ca exchange is able to compensate for the decay in I Ca,L at membrane potentials greater than ϩ10 mV. To illustrate the importance of the L-type Ca 2ϩ current in zebrafish cardiomyocyte contraction, 10 mM nifedipine was used to study the impact of this L-type Ca 2ϩ channel antagonist on this current (Fig. 8A ) and on maximum shortening as a function of voltage (Fig. 8B) . Figure 8C clearly indicates that inhibition of shortening at ϩ40 mV was significantly smaller than that observed at 0 mV.
DISCUSSION
The key finding of this study is that although zebrafish ventricular myocytes have action potential morphology comparable that of larger mammals and humans, the mechanisms contributing to the activation of contraction in the zebrafish differ from mammals in several aspects. First, the current density of I Ca,L is about fivefold larger in zebrafish ventricular myocytes than in pig (39) and human cardiomyocytes (20) . Second, the voltage dependence of the calcium transient and cell shortening reaches a plateau at membrane potentials positive to 0 mV in the zebrafish, suggesting that sodium-calcium exchange may be a more prominent player in the activation of contraction in the zebrafish heart.
I Ca,L in the zebrafish heart. The zebrafish (D. rerio) has become the object of attention recently as a genetically tractable vertebrate model system (33, 51) . The identification of thousands of early developmental zebrafish mutants through genetic screenings that were carried out in the 1990s established the zebrafish as a mainstream model in developmental biology. Recently, the same attributes that have propelled the rise of zebrafish in developmental biology research have also Fig. 6 . Voltage dependence of myocyte shortening and its kinetics. A: myocyte shortening is expressed as % quiescent cell length and shown as a function of the membrane potential. B: consecutive myocyte images illustrating how measurement of length changes was done in zebrafish cardiomyocytes. The yellow curve (indicated with the yellow arrow) is generated by the computer-aided method based on our customized software (see MATERIALS AND METHODS). Myocyte shortening and relaxation was then obtained using an algorithm to fit to the length of every myocyte in the images. C: summary of the average time-to-peak shortening (TPS) and the time for half-maximal relaxation of cell length (RC50) from 8 animals. prompted increased use of this organism as a model for several human diseases. To explore the possibility of zebrafish as a model to investigate cardiovascular diseases and relevant pharmacology, it is important to know the characteristics of cell electrophysiology of zebrafish cardiomyocytes and its similarity to other vertebrates. There are but a few reports in the literature on cell electrophysiology of zebrafish cardiomyocytes (2, 5, 7, 30, 35) . A typical I-V relationship in zebrafish cardiomyocytes is shown in Fig. 3 . The bell-shaped curve is very similar to that reported in other basal vertebrates (18, 42, 50) and mammals such as guinea pigs and rabbits (24) . Similarly, the inactivation curve of zebrafish shows only slight differences from the typical steady-state inactivation curves for I Ca in rat and rabbits (52).
In the mammalian heart, the I Ca,L triggers release of calcium from the sarcoplasmic reticulum (SR) that is severalfold larger than the amount of calcium entering across the sarcolemma, and the SR is considered the key contributor to the activation of contraction in the mammalian heart (3). In the teleost heart, the relative contribution of sarcolemmal calcium entry and SR calcium release to the activation of contraction is controversial and species dependent (19, 42, 48, 50) . Part of the controversy is likely due to a combination of methodological, tissuedependent, and species-dependent differences among the different studies, but under comparable experimental conditions, we have previously reported I Ca,L densities in trout ventricular myocytes (18) that are three to sixfold smaller than those recorded here in the zebrafish. Instead, the I Ca,L density in the zebrafish heart is closer to I Ca densities reported in other teleost species (50) , suggesting that a direct contribution of I Ca to the activation of contraction may be more prominent in the zebrafish ventricle than in some other teleosts (18) and mammalian species or humans. Indeed, the average time integral of I Ca,L of 0.49 pC/pF would increase the cytosolic calcium concentration to 71.0 mol/l cytosol calculated from equation (4), using previously reported conversion factors for teleost myocytes (18) . On the other hand, the I-V relationship and the voltage-dependent inactivation of I Ca , L is comparable to that of other teleost and mammalian species, suggesting that it is the I Ca , L density rather than the properties of the L-type calcium channel of the zebrafish that differs from that of other species.
Relationship between I Ca,L , calcium transients and cell shortening. A hallmark of the excitation-contraction coupling in mammalian and human cardiomyocytes is that the voltage dependence of the calcium transient amplitude and cell shortening closely resembles the bell-shaped voltage dependence of the I Ca,L with a peak density near 0 mV (3), implying that this current is a key determinant of cell shortening. In contrast to this, both the calcium transient and cell shortening reached a plateau at potentials positive to 10 mV in the zebrafish ventricle, confirming previous reports in teleost species, suggesting that Na/Ca exchange-mediated calcium entry is able to compensate for the reduction of I Ca,L at positive membrane potentials (16, 17) in the fish heart. Moreover, calcium-dependent I Ca,L inactivation likely plays a relevant role under physiological conditions in the zebrafish as the steady-state I Ca,L density decreased in parallel with a rising diastolic calcium level produced by a stepwise increase in the stimulation frequency from 0.5 to 3 Hz. The latter would be in accordance with observations in mammalian ventricular myocytes (1, 45) .
The zebrafish as a model for screening functional impact of mutations. As mentioned above, the zebrafish (D. rerio) has become the object of attention as a vertebrate model system for genetic defects (33, 51) . In favor of the zebrafish as a model for studying molecular defects in cardiovascular disease, the first report on adult zebrafish myocyte reported action potential morphologies much closer to that of humans and large mammals than the murine action potentials, and suggested that the zebrafish may be an excellent model to study functional effects of genetic defects associated to human cardiac dysfunction or arrhythmia (5) and recent data from Nemtsas et al. (38) has brought further evidence for similarities in potassium currents among zebrafish and mammalian myocytes. Furthermore, I Ca,L in zebrafish shows Ca 2ϩ -dependent inactivation (a model is shown in Fig.9, top, left) , which is common to Ca V 1.2 in all mammals studied to date. This is not unexpected with the high degree of homology of the elements of the COOH-terminal domain of Ca V 1.2 shown in Fig. 9 , bottom, left including the IQ motif, which is known to be critical for Ca 2ϩ -dependent inactivation. The present study extends these findings to address the relationship between sarcolemmal calcium entry, cytosolic calcium levels, and cell shortening. Importantly, our findings show a considerably larger I Ca,L density in the zebrafish than in mammalian and human cardiomyocytes, making a substantial contribution of SR calcium release to the intracellular calcium transient less likely and thus complicating the study of the rapidly increasing number of mutations linked to defective SR function and calcium handling (10, 13, 28, 29,  31, 36, 40, 46, 47) . Similarly, the observed plateau in calcium Another complicating factor is the extensive use of embryonic zebrafish hearts for screening purposes, as there are known differences in morphological, electrophysiological, and functional features of embryonic, neonatal, and adult cardiomyocytes (23) (24) (25) (26) . Specifically, our laboratory has documented several differences in intracellular calcium handling among neonatal and adult ventricular myocytes. One of the most conspicuous differences in this regard is the larger contribution of Na/Ca exchange to the activation of contraction in the neonatal heart with a relationship between membrane potential and the intracellular calcium transient (23) similar to that observed for the adult zebrafish in the present study. Similarly, storeoperated calcium entry plays a more prominent role in the regulation of SR calcium homeostasis in the neonatal heart (26) .
On the other hand, teleosts and neonatal mammalian cardiomyocytes have several features in common that distinguishes them from adult mammalian cardiomyocytes. Among these are the above-mentioned monophasic increase in the calcium transient with increasing membrane voltages (17, 23) . The larger contribution of store-operated calcium entry to SR calcium handling reported in neonates (26) has not been addressed directly in teleosts, but there are reports showing significant SR calcium loading at rest in trout ventricular myocytes (21) .
Similarly, myocytes from neonatal and lower vertebrate hearts lack T-tubules (41, 44) and have cross-sectional calcium gradients (15) . Thus, adult zebrafish myocytes may in some respects be better suited to reflect functional consequences of congenital electrophysiological defects in the neonatal mammalian hearts.
In conclusion, we here report for the first time the isolation of zebrafish cardiomyocytes using enzymatic perfusion of the cannulated heart. This method provides a large yield of healthy atrial and ventricular myocytes, and our data show that in spite of similarities in action potential morphology among zebrafish and mammalian ventricular myocytes there are significant mechanistic differences in the control of cytosolic calcium levels and myocyte shortening. Specifically, we find that zebrafish ventricular myocytes have a larger I Ca,L density, a monophasically increasing contraction-voltage relationship, and a faster relaxation of contraction, suggesting that caution should be taken when using zebrafish myocytes to evaluate the potential impact of genetic defects on calcium handling and contraction in the human heart.
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